INTRODUCTION {#SEC1}
============

As the most common type of DNA damage in the genome, DNA single-strand breaks (SSBs) are generated from unbalanced reactive oxygen species, intermediate products of DNA repair pathways such as base excision repair (BER), and aborted activity of cellular enzymes such as Topoisomerase 1 (Top1) ([@B1]). SSBs are primarily resolved by a global SSB repair pathway, including recognition by sensor proteins such as PARP1, SSB processing by enzymes, gap filling through insertion or nucleotide extension, and ligation by DNA ligation enzymes such as DNA ligase I or IIIα ([@B1],[@B2],[@B4]). In addition, SSBs can also be resolved by homologue recombination or alternative homologue-mediated SSB repair ([@B5]). Defects in SSB repair have been associated with cancer and neurodegenerative disorders as well as genetic diseases such as ataxia-oculomotor apraxia 1 (AOA1) and spinocerebellar ataxia with axonal neuropathy 1 (SCAN1), underlining the significance of SSB repair ([@B1],[@B2]). However, it remains unknown how unrepaired SSBs are sensed and signaled via DNA damage response (DDR) pathways.

Cellular response to DNA damage and replication stress is mainly coordinated by ATR--Chk1 and/or ATM-Chk2 DDR pathways ([@B6],[@B7]). ATR--Chk1 DDR pathway can be activated in response to stalled DNA replication forks, UV-damage, DSBs or oxidative DNA damage ([@B7]). Full ATR activation requires several mediator proteins, such as ATRIP, TopBP1, MDC1 and the 9--1--1 (Rad9-Rad1-Hus1) complex ([@B10]). It is generally accepted that an RPA-coated long stretch of ssDNA serves as a platform to recruit checkpoint proteins to sites of DNA damage ([@B13],[@B14]). Activated ATR kinase phosphorylates a variety of substrates including Chk1 to regulate cell cycle progress, activate transcription, and promote DNA repair ([@B15]). Chk1 phosphorylation is often utilized as an indicator of ATR activation ([@B16]). In response to DSBs, ATM is activated by auto-phosphorylation and monomer formation, leading to phosphorylation of its downstream substrates including Chk2 ([@B17]). DSB end resection in the 5′-3′ direction is proposed to couple DSB repair and ATM-Chk2 DDR pathway ([@B18]). A two-step model for DNA end resection at DSB sites has been suggested to occur through MRN (Mre11-Rad50-Nbs1) complex or CtIP/Sae2, and Exo1 or DNA2/Sgs1 ([@B19]). Furthermore, ATM can be activated through a disulfide bond formation and conformation change in oxidative stress in a DNA-independent manner ([@B20],[@B21]). Although ATM can be activated by presumptive unrepaired SSBs in XRCC1-dificient cells, it remains unknown how exactly unrepaired SSBs activate ATM DDR pathway ([@B21]).

Several critical barriers hinder our understanding of SSB signaling at the molecular level. The first critical barrier is the lack of a defined experimental system to dissect all facets of SSB signaling. Cellular signaling to DSBs has been studied via generating a single site-specific DSB in genome by HO or I-*Sce*I endonuclease in yeast and mammalian cells ([@B22],[@B23]). Our understanding of SSB signaling is mostly from experimental systems using indirect SSBs after treatment of exogenous reagents, such as hydrogen peroxide and methyl methanesulfonate (MMS) ([@B21],[@B24]). Additionally, spatial and temporal cellular response to multiple SSBs induced by UVDE (UV damage endonuclease) was partially characterized in human cells ([@B25]). However, it remains unknown whether a defined SSB structure triggers a DDR pathway. The second critical barrier is the inability to distinguish SSBs from DSBs. Many DNA damaging reagents generate both SSBs and DSBs simultaneously or sequentially. Thus, it is extremely difficult to directly explore SSB signaling in response to only SSBs, as opposed to a combination of SSBs and DSBs.

Whereas APE1 is the major AP endonuclease ([@B26]), APE2 (APEX2, APN2) has strong 3′-5′ exonuclease and 3′-phosphodiesterase activities but weak AP endonuclease activity ([@B27]). APE2 is necessary for normal B cell development and recovery from chemotherapy drug-induced DNA damage ([@B28]). The interdomain connector loop (IDCL) of PCNA associates with the PIP (PCNA interaction protein) box of its interacting proteins ([@B29]). The PIP box of APE2 is important for PCNA association ([@B24],[@B30],[@B31]). Additionally, APE2 is a key player in PCNA-dependent repair of hydrogen peroxide-induced oxidative DNA damage ([@B30],[@B31]). We have demonstrated that ATR--Chk1 DDR pathway is activated by hydrogen peroxide-induced oxidative stress in *Xenopus*, and that APE2 is important for the oxidative stress-induced ATR--Chk1 checkpoint signaling ([@B24]). Notably, our new evidence suggests that a zinc-finger motif (designated as Zf--GRF) in APE2's C-terminus associates with ssDNA, but not dsDNA, and that APE2 Zf--GRF facilitates 3′-5′ end resection of oxidative DNA damage to promote ATR--Chk1 DDR pathway ([@B32]).

As a cell-free experimental system from eggs of the African clawed frog, *Xenopus* egg extracts have been widely used in studies of chromosome metabolism, and findings from *Xenopus* system can be validated in mammalian cell lines ([@B33]). Three different types of *Xenopus* egg extracts have been commonly used: low-speed supernatant (LSS), high-speed supernatant (HSS), and nucleoplasmic extracts (NPE) ([@B36]). Here, we have developed a plasmid-based SSB structure at a defined location and found that an ATR-dependent but replication-independent DDR pathway is activated by the defined SSB structure in the *Xenopus* HSS system. The SSB signaling requires APE2 and canonical checkpoint proteins including ATR, ATRIP, TopBP1, Rad9, Claspin. Surprisingly, we found that APE2's Zf--GRF associates with PCNA through its C-terminus. We demonstrate evidence that the distinct APE2--PCNA interaction plays an essential role for the 3′-5′ SSB end resection and SSB signaling in a eukaryotic system. In addition, our data suggest that the SSB-induced ATR activation is important for SSB repair and that hydrogen peroxide triggers ATR-dependent DDR pathway in human cultured cells.

MATERIALS AND METHODS {#SEC2}
=====================

Experimental procedures for egg extracts and chromatin preparation, SSB signaling technology, and plasmid DNA-bound fraction isolation in *Xenopus laevis* {#SEC2-1}
----------------------------------------------------------------------------------------------------------------------------------------------------------

The care and use of *Xenopus laevis* was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of North Carolina at Charlotte. Sperm chromatin was prepared and utilized according to methods as described previously ([@B11],[@B24],[@B35],[@B39]). The preparation of *Xenopus* LSS, HSS and NPE were described previously ([@B35],[@B36],[@B39]). DNA synthesis analysis from the HSS/NPE system was performed as previously described ([@B11],[@B35]). In general, immunodepletion of target protein in HSS was performed with a similar procedure for immunodepletion in LSS as previously described ([@B24],[@B32]). For example, to deplete APE2 from HSS, 40 ul of HSS was incubated with ∼20 ul of ProteinA Sepharose beads (GE Healthcare), which was pre-coupled with 20 ul of anti-APE2 antiserum ([@B24]), for 30--40 min at 4°C with constant mixing. Typically, 3-round depletion is needed to get ∼20 ul of APE2-depleted HSS from 40 ul of HSS. Immunodepletion of other target proteins in HSS shown in Figure [3](#F3){ref-type="fig"} was performed using a similar approach as APE2 depletion in HSS. Antibodies used for immunodepletion were kind gifts from Drs Howard Lindsay (ATRIP and Rad9), Matthew Michael (TopBP1) and Karlene Cimprich (Claspin), respectively ([@B11],[@B24],[@B40],[@B41]). Antibodies against XRCC1 were raised in rabbits against recombinant GST-XRCC1 (Cocalico Biologicals, see below section for the preparation).

For the SSB signaling experiments, typically 8 ul of HSS was supplemented with 2 ul of either control or SSB plasmid (see below section for details) to a final concentration. After incubation of different time as indicated at room temperature, the 10 ul of reaction mixture (i.e., HSS-plasmid mixture) was added with 40 ul of sample buffer, which was examined via immunoblotting analysis (e.g., 10 ul of samples were loaded per lane).

For DNA-bound protein isolation from HSS system (Figure [6A](#F6){ref-type="fig"}), after room temperature incubation, 50 ul of reaction mixture was diluted with 200 ul of egg lysis buffer (ELB, 250 mM sucrose, 2.5 mM MgCl~2~, 50 mM KCl, 10 mM HEPES, pH 7.7) and spin through a 1 ml of sucrose cushion (0.9 M sucrose, 2.5 mM MgCl~2~, 50 mM KCl, 10 mM HEPES, pH 7.7) at 10 000 rpm for 15 min at 4°C with a swinging bucket. After centrifugation, the supernatants were removed, and the DNA-bound protein factions were resuspended with sample buffer and examined via immunoblotting analysis.

Preparation of SSB and DSB plasmid as well as FAM-SSB structure {#SEC2-2}
---------------------------------------------------------------

There are four recognition sites on pUC19 for Nt.BstNBI, designated as site1 (nt 427--431 on (+) strand), site2 (nt 1177--1181 on (+) strand), site3 (nt 706--710 on (--) strand), and site4 (nt 1694--1698 on (--) strand). The plasmid pS was generated by mutant pUC19 on three sites (i.e. site2--site4) sequentially with three pairs of primers using QuikChange II XL site-directed mutagenesis kit. The mutations were verified and confirmed by DNA sequencing. Qiagen plasmid midi kit was utilized to obtain large amounts of the pS plasmid.

To generate a defined SSB between C435 and T436, the pS was treated with Nt. BstNBI (10 U/μg) for 2 h at 55°C and CIP (calf intestine phosphatase, 10 U/μg) for 1 h at 37°C to remove the 5′-P of T436. The SSB plasmid was purified from agarose via QIAquick gel extraction kit and then optionally purified by phenol--chloroform extraction. To generate a DSB plasmid, the pS was treated with SbfI-HF at 37°C and subsequently with CIP at 37°C. The DSB plasmid was purified from agarose via QIAquick gel extraction kit and then optionally purified by phenol--chloroform extraction.

A FAM-SSB structure was generated by PCR using the pS as template following by nicking enzyme treatment. The 70bp dsDNA PCR product (i.e. bp 406--475) was purified from agarose via QIAquick gel extraction kit and subsequently treated with Nt. BstNBI (10 U/μg) for 2 h at 55°C and CIP (10 U/μg) for 1 h at 37°C. The FAM-SSB structure was purified from agarose via QIAquick gel extraction kit and then purified by phenol--chloroform extraction.

Recombinant DNA and proteins {#SEC2-3}
----------------------------

Recombinant pGEX-4T1-WT APE2-ZF was generated by cloning the ZF domain (nt 1478--1666) of xlAPE2 (GenBank: BC077433, Xenopus Gene Collection IMAGE ID: 4030411), which corresponds to the aa 456--517, into EcoRI- and XhoI-digested pGEX-4T1. Recombinant pET28a-PCNA was generated by subcloning full-length coding region (nt 39--824) of xlPCNA (GenBank: BC057758, Xenopus Gene Collection IMAGE ID:5049027) into BamHI- and NotI-digested pET28a. Recombinant pGEX-4T1-XRCC1 was generated by cloning the coding region (nt 164--2119) of xlXRCC1 (GenBank: BC045032, Xenopus Gene Collection IMAGE ID:5543195) into EcoRI- and XhoI-digested pGEX-4T1. Recombinant pGEX-4T1-APE1 was generated by cloning the coding region (nt 119--1069) of xlAPE1 (GenBank: BC072056, Xenopus Gene Collection IMAGE ID: 4202632) into BamHI- and XhoI-digested pGEX-4T1.

Point mutants of recombinant DNA were generated with QuikChange IIXL Site-Directed Mutagenesis kit (Agilent). Recombinant plasmids were made via QIAprep spin miniprep kit following vendor\'s standard protocol. Myc-tagged recombinant proteins were generated with various pCS2+MT-derived recombinant plasmids and TNT SP6 Quick Coupled Transcription/Translation System (Promega) according to the manufacturer\'s protocol. GST-or His-tagged recombinant proteins were expressed and purified in *Escherichia coli* DE3/BL21 following vendor\'s standard protocol. Purified recombinant proteins were confirmed on coomassie-stained SDS-PAGE gels with a range of BSA standards and a pre-stained protein ladder.

Immunoblotting analysis and antibodies {#SEC2-4}
--------------------------------------

Anti-XRCC1 antibodies were raised in rabbits against GST-XRCC1 (Cocalico Biologicals). Anti-*Xenopus* APE2 antibodies were described previously ([@B24]). Antibodies against ATR and Claspin were provided by Dr. Karlene Cimprich ([@B33],[@B41]). Antibodies against ATRIP, Rad9, and Rad17 were provided by Dr Howard Lindsay ([@B40]). Antibodies against TopBP1 and RPA32 were provided by Dr Matthew Michael ([@B11]). Antibodies against PARP1 were provided from Dr Yoshiaki Azuma ([@B43]). Antibodies against human APE2 were provided by Drs Yusaku Nakabeppu and Daisuke Tsuchimoto ([@B44]). Antibodies against RPA32 phosphorylation at Ser33 and Rad17 phosphorylation at Ser645 were purchased from Bethyl Laboratories. Antibodies against Chk1 phosphorylation at Ser345 were purchased from Cell Signaling Technology. Antibodies against Histone 3 were purchased from Abcam. Antibodies against Chk1, GST, His, Myc, PCNA and Tubulin were purchased from Santa Cruz Biotechnology. Antibodies against human Chk1 and human RPA32 were purchased from Cell Signaling Technology and Thermo Scientific, respectively.

GST pulldown assays {#SEC2-5}
-------------------

For the GST-pull-down experiments from HSS, 5 μg of GST or GST-tagged recombinant proteins were added to 200 μl *Xenopus* HSS. After an hour of incubation, an aliquot of egg extract mixture was collected as Input and the remaining extract mixture was diluted with 200 μl Interaction Buffer (100 mM NaCl, 5 mM MgCl~2~, 10% (vol/vol) glycerol, 0.1% Nonidet P-40, 20 mM Tris--HCl at pH 8.0). Then, 30 μl of glutathione beads that were resuspended in 200 μl interaction buffer were added to the diluted egg extracts. After 1 h incubation at room temperature, beads were washed with Interaction Buffer two times. Then, the bead-bound fractions and Input were analyzed via immunoblotting.

For the GST-pull-down experiment from a buffer, 5 μg of GST or GST-tagged recombinant proteins, and 5 μg of WT or mutant His-tagged PCNA were added to 200 μl Interaction Buffer. After an hour of incubation, an aliquot of the mixture was collected as Input and the remaining mixture was supplemented with 100 μl interaction buffer that contains 30 μl glutathione beads. After 1 h incubation at room temperature, beads were washed with Interaction Buffer two times. Then, the bead-bound fractions and the Input were analyzed via immunoblotting.

Analysis of DNA repair products from the HSS system {#SEC2-6}
---------------------------------------------------

Nuclease-free water was added to each reaction of HSS that was incubated with SSB or DSB plasmid to a total of 300 μl. Equal volume of phenol-chloroform was added to the mixture and resuspended up and down five times and spin for 5 min at 13 000 rpm at room temperature. The top aqueous layer was transferred to a new tube and the phenol--chloroform extraction was repeated. Then, sodium acetate (pH 5.0, a final concentration of 0.3 M) and glycogen (a final concentration of 1 μg/μl), as well as ethanol (100%, 2.5-fold volume), were added to the aqueous solution, which was incubated for 30 min at --70°C. The mixture was centrifuged for 15 min at 13 000 rpm at room temperature. The pellet was washed by cold 70% ethanol and air-dried for 30 min before resuspension with nuclease-free water. Then the purified DNA repair products were analyzed on agarose gel and stained with ethidium bromide.

SSB end resection assays in the HSS system {#SEC2-7}
------------------------------------------

The FAM-SSB structure was added to mock- or APE2-depleted HSS, which was supplemented with WT/mutant Myc-tagged APE2, respectively. After different times of incubation at room temperature, reactions were quenched with equal volume of TBE-Urea Sample Buffer (Invitrogen), denatured at 95°C for 5 min, and cooled at 4°C for 2 min. Samples were examined on 20% TBE-Urea gel and imaged on Typhoon 8600 and viewed using ImageQuant software.

*In vitro* exonuclease assays {#SEC2-8}
-----------------------------

Previous biochemistry analysis has indicated that APE1 can resect nicked dsDNA into 1--3nt gap in the 3′-5′ direction *in vitro* ([@B45]). To generate a FAM-labeled gapped structure, we found that our recombinant GST-APE1 resected FAM-labeled SSB substrate in the 3′-5′ direction in a dose-dependent manner ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). Thus, we utilized this APE1-pretreated FAM-labeled gapped substrate for our APE2 exonuclease analysis *in vitro*. For the *in vitro* exonuclease assays, the FAM-SSB substrate was pretreated with recombinant APE1 in exonuclease buffer (20 mM KCl, 10 mM MCl~2~, 2 mM DTT, 50 mM HEPES, pH 7.5) at 95°C for 20 min, followed by phenol-chloroform extraction and purification. This APE1-treatment method is derived and modified from a method described previously ([@B45]). The purified gapped dsDNA structure (50 nM) was incubated in 1× reaction buffer (50 mM NaCl, 1 mM TCEP, 1 mM MnCl~2~, 10 mM Tris--HCl, pH 8.0) with different combinations of purified recombinant proteins. After a 30-min incubation at 37°C, reactions were quenched with equal volume of TBE--Urea Sample Buffer, denatured at 95°C for 5 min, and cooled at 4°C for 2 min. Samples were loaded and resolved on a 20% TBE--Urea gel. Gels were imaged using a Typhoon imager (GE Healthcare) and viewed using ImageJ.

DNA binding assays {#SEC2-9}
------------------

For the ssDNA binding assays in a buffer using GST or GST-tagged proteins, 40 μl of biotin--ssDNA (80nt, 100 μM) was added to 40 μl of Streptavidin Dynabeads in 2× B&W Buffer (2 M NaCl, 1 mM EDTA, 10 mM Tris--HCl, pH 7.5), and incubated for 15 min at room temperature. After separating beads from buffer, the beads were washed by 2× B&W Buffer for three times and resuspended in 100 μl of Buffer B (80 mM NaCl, 20 mM β-glycerophosphate, 2.5 mM EGTA, 0.01% NP-40, 10 mM MgCl~2~, 100 ug/ml BSA, 10 mM DTT and 10 mM HEPES--KOH, pH 7.5). Then 20 μg of GST or GST-tagged proteins in 100 μl of Buffer B was added to the 80nt-ssDNA-coupled beads in 100 μl of Buffer B. After a 30-min incubation at 4°C, an aliquot of mixture was collected as Input, and the beads were washed for three times with Buffer A (80 mM NaCl, 20 mM β-glycerophosphate, 2.5 mM EGTA, 0.01% NP-40 and 10 mM HEPES--KOH, pH 7.5). The Input and Bead-bound fractions were examined via immunoblotting analysis.

For the ssDNA binding assays in the HSS system, different lengths of Biotin-ssDNA (i.e. 0, 10, 20, 40, 60 and 80) were coupled to Streptavidin Dynabeads using a similar approach as above described, and resuspended in 200 μl of Buffer B. Then, the 200 μl of beads coupled with ssDNA was added to equal volume of diluted HSS (1:1 v/v dilution with Buffer B). After 1-h incubation, an aliquot of the mixture was collected as Input, and the beads were washed with Buffer A three times. The Input and Bead-bound fractions were examined via immunoblotting analysis.

For the gapped DNA binding assays with purified proteins, biotin-gapped DNA structure was prepared in a similar approach to that for the FAM-gapped DNA structure with the exception that biotin was covalently linked to the 5′ side of one primer. The coupling of biotin-gapped DNA structure to streptavidin dynabeads, protein incubation and bead washing process were performed following the protocol for ssDNA binding analysis in a buffer as described above.

Cell culture, treatment and analysis {#SEC2-10}
------------------------------------

Human U2OS cells were purchased from the American Type Culture Collection (ATCC) and cultured in Dulbecco\'s Modified Eagle Medium (DMEM, Life Technologies) supplemented with 10% fetal bovine serum (FBS, Invitrogen), penicillin (100 U/ml) and streptomycin (100 μg/ml, Life Technologies) in incubator at 37°C and 5% CO~2~. For G1 synchronization, cells were first blocked in S phase with 2 mM thymidine for 24 h and released for 4 hours, then blocked in M phase with 100 ng/ml nocodazole for 12 h and released for 6 h, and finally blocked in G1 phase with DMEM without FBS for 96 h. Cells were treated with VE-822 (5 μM) in culture medium for 1 h followed by hydrogen peroxide treatment (1.25 mM) for 4 h. Then cells were collected and split for immunoblotting analysis and FACS analysis. For immunoblotting analysis, equal total proteins of cell lysates (10 μg per lane) were loaded and Tubulin was used for loading control. For FACS analysis, cells were further fixed and stained with DAPI followed by cell cycle profiling using FACS machine (BD LSRFortesssa) following manufacturer\'s standard protocol.

Quantification {#SEC2-11}
--------------

ImageQuant software was utilized to quantify the incorporation of \[^32^P-α\]-dATP to newly synthesized DNA from the HSS/NPE system. ImageQuant was used to visualize gels from SSB end resection assays. ImageJ was utilized to view gels from exonuclease assays and to quantify SSB repair products on agarose.

RESULTS {#SEC3}
=======

A defined SSB structure can be repaired in the HSS system {#SEC3-1}
---------------------------------------------------------

We generated a pUC19-derived plasmid pS that contains only one recognition sequence for a nicking endonuclease Nt.BstNBI (Figure [1A](#F1){ref-type="fig"}). pS was treated by Nt.BstNBI and calf intestinal alkaline phosphatase (CIP) sequentially to generate a SSB structure containing only one nick between dC435 and dT436 in the '+' strand with 3′-OH and 5′-OH at both ends. pS was treated with restriction enzyme SbfI and CIP sequentially to generate a DSB structure (Figure [1A](#F1){ref-type="fig"}). The SSB, DSB and CTL (control) plasmid structures are distinguished on agarose gel based on their structure-dependent mobility shift (Figure [1A](#F1){ref-type="fig"} and [Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}). Because the nick is exactly in the recognition sequence of SbfI, the SSB structure was resistant to further SbfI treatment, as expected ([Supplementary Figure S1A](#sup1){ref-type="supplementary-material"}).

![A defined site-specific SSB structure can be repaired in the *Xenopus* HSS system. (**A**) Schematic diagram of generating SSB and DSB plasmid structures. (**B**) The defined SSB structure is gradually repaired in HSS system. SSB repair intermediate products from HSS system were isolated at different time points and treated by SbfI, followed by examination via agarose gel electrophoresis. (**C**) (Top) CTL or SSB plasmid was added to HSS, which was supplemented with \[^32^P-α\]-dATP, for a 30-min incubation. Then NPE was added for continuous incubation for different time as indicated and samples were examined on agarose gel. (Bottom) Quantification of DNA synthesis of CTL or SSB plasmid in the HSS/NPE system shown in the top.](gky020fig1){#F1}

To examine SSB repair process in the HSS system, we found that the nicked version was converted into a circular version after different time incubation in HSS, indicating that the SSB structure is gradually repaired in HSS (lanes 6--11, Figure [1B](#F1){ref-type="fig"}). Moreover, the circular repair products of SSB structure from HSS were catalyzed by SbfI into a linear version (lanes 12--18, Figure [1B](#F1){ref-type="fig"}). Strikingly, a portion of the nicked version of SSB structure developed SbfI sensitivity at beginning time points (1, 3, 5 and 7 min), whereas all SSB structures were sensitive to SbfI at late time points (9 and 30 min) (Figure [1B](#F1){ref-type="fig"}). These observations suggest that, after HSS incubation, the defined SSB structure is either repaired into a circular version or converted into an intermediate product with a normal SbfI recognition sequence but with a nick and/or gap at another location. As expected, the CTL plasmid isolated from the HSS was catalyzed by SbfI into linear versions at all time points ([Supplementary Figure S1B](#sup1){ref-type="supplementary-material"}). Circular plasmid DNA can be assembled into pre-Replication Complex in the HSS, but cannot continue its DNA synthesis without addition of the NPE supplying S-phase CDKs ([@B37]). To confirm the defined SSB structure is indeed repaired in the HSS, we examined them using the *Xenopus* HSS/NPE system ([@B37]). Similar to CTL plasmid, the defined SSB structure can be replicated efficiently in the HSS/NPE system (only ∼17% reduction), suggesting that most SSB structures have been repaired after a 30-min HSS incubation (Figure [1C](#F1){ref-type="fig"}).

A distinct ATR--Chk1 DNA damage response pathway is induced by a defined SSB structure in the HSS system {#SEC3-2}
--------------------------------------------------------------------------------------------------------

To determine whether a defined SSB structure triggers a DDR pathway, we added different concentrations of SSB or CTL plasmid structure to HSS, followed by immunoblotting analysis after a 30-min incubation. We revealed that 75 ng/μl (43 nM) of the defined SSB plasmid, but not CTL plasmid, triggered a robust Chk1 phosphorylation at S344 in the HSS (equivalent to Chk1 phosphorylation at S345 in humans), suggesting that the SSB structure induces a unique checkpoint signaling in the HSS in a dose-dependent manner (Figure [2A](#F2){ref-type="fig"}). Our time-dependence analysis found that the SSB-induced Chk1 phosphorylation appeared at 5 minutes, and peaked at 30 min after incubation in the HSS (Figure [2B](#F2){ref-type="fig"}). Whereas ATM specific inhibitor KU55933 and DNA-PK specific inhibitor NU7441 almost had no effect on SSB-induced Chk1 phosphorylation, the addition of ATR specific inhibitor VE-822 compromised the SSB-induced Chk1 phosphorylation, suggesting that the SSB signaling is ATR-dependent (Figure [2C](#F2){ref-type="fig"}). In addition to Chk1, RPA32 and Rad17 are substrates of ATR kinase ([@B46]). Consistent with Chk1 phosphorylation, RPA32 phosphorylation and Rad17 phosphorylation were induced by the defined SSB in the HSS in a VE-822 sensitive manner (Figure [2D](#F2){ref-type="fig"} and [Supplementary Figure S2A](#sup1){ref-type="supplementary-material"}). In addition, we verified that potential DSB contamination in our SSB plasmid is less than ∼1% by quantification. The defined DSB structure required at least 5 ng/μl (3 nM) to trigger a robust Chk1 phosphorylation in the HSS, suggesting that the defined SSB-induced Chk1 phosphorylation is not due to confounding DSB in our SSB preparation (Figure [2G](#F2){ref-type="fig"}).

![An ATR--Chk1 DNA damage response pathway is induced by the defined SSB structure in the HSS system. (**A**) CTL or SSB plasmid was added to HSS at different concentrations as indicated, and incubated for 30 min. Extracts were examined via immunoblotting analysis for Chk1 phosphorylation (i.e., Chk1 P-Ser344) and total Chk1. (**B**) CTL or SSB plasmid was added to HSS at a final concentration of 75 ng/μl. After different time of incubation at room temperature, the extracts were examined via immunoblotting analysis. (**C--E**) ATR inhibitor VE-822, ATM inhibitor KU55933, DNA-PK inhibitor NU7441, recombinant geminin, or DNA polymerase inhibitor Aphidicolin was added to HSS supplemented with CTL or SSB plasmid at a final concentration of 75 ng/μl for 30 min. Extracts were examined via immunoblotting analysis as indicated. (**F**) Geminin or roscovitine was added to HSS supplemented with sperm chromatin and hydrogen peroxide. After a 45-min incubation, extracts were examined via immunoblotting analysis as indicated. (**G**) CTL, SSB or DSB plasmid was added to HSS at different concentrations as indicated. Samples were examined via immunoblotting analysis.](gky020fig2){#F2}

Although DNA replication is required for ATR--Chk1 checkpoint activation in response to stalled replication forks and oxidative stress ([@B32],[@B33],[@B50]), the defined SSB-induced Chk1 phosphorylation was not impaired by the addition of MCM helicase inhibitor recombinant geminin protein, suggesting that DNA replication is dispensable for the SSB-induced Chk1 phosphorylation in the HSS system (Figure [2E](#F2){ref-type="fig"}). This observation is consistent with the deficiency of plasmid DNA replication elongation in *Xenopus* HSS without addition of NPE ([@B37]). Aphidicolin, a small molecule inhibitor of DNA polymerase alpha, delta, and epsilon, can induce stalled DNA replication forks that trigger ATR activation in the *Xenopus* LSS system ([@B11],[@B46],[@B47]). However, we found that the SSB-induced Chk1 phosphorylation was not affected by the addition of aphidicolin (Figure [2E](#F2){ref-type="fig"}). Furthermore, the SSB-induced Chk1 phosphorylation was not affected when Pol alpha (p70 subunit) was depleted in the HSS system ([Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}). This feature of the SSB-induced replication-independent Chk1 phosphorylation in the HSS system is similar to the DSB-mimicking structure AT70-induced Chk1 phosphorylation in a replication-independent manner in the LSS system ([@B34],[@B51]). Moreover, Chk1 phosphorylation was triggered by hydrogen peroxide when HSS was supplemented with sperm chromatin; however, the addition of geminin and CDK inhibitor rescovitine had no effect on the hydrogen peroxide-induced Chk1 phosphorylation in the HSS (Figure [2F](#F2){ref-type="fig"}).

To further determine whether the defined SSB-induced Chk1 phosphorylation is ATR-dependent, we removed endogenous ATRIP via immunodepletion using anti-ATRIP antibodies which also co-depleted endogenous ATR, as ATR and ATRIP form a tight complex in *Xenopus* egg extracts (Figure [3A](#F3){ref-type="fig"}) ([@B24]). Notably, the SSB-induced Chk1 phosphorylation was compromised when ATRIP and most of ATR were absent in the HSS system (Figure [3A](#F3){ref-type="fig"}). This observation strongly suggests that the defined SSB structure triggers ATR activation. Together, the above observations suggest that a defined site-specific SSB structure triggers ATR--Chk1 DDR pathway activation in a dose- and time-dependent, but replication-independent, fashion in the *Xenopus* HSS system.

![APE2 is required for checkpoint signaling from the defined SSB structure in the HSS system. (**A--E**) CTL or SSB plasmid was added to mock-, ATRIP-, TopBP1-, Rad9-, Claspin-, or XRCC1-depleted HSS, respectively, at a concentration of 75 ng/μL for 30 min. Extracts were examined via immunoblotting analysis, as indicated. (**F**) PARP1 specific inhibitor (4-amino-1,8-naphthalimide, 0.1 mM) was added to HSS supplemented with CTL or SSB plasmid. Extracts were examined via immunoblotting analysis. (**G**) Recombinant Myc-APE2 was added to APE2-depleted HSS supplemented with CTL or SSB plasmid. Extracts were examined via immunoblotting analysis. 'Endo. APE2' represents endogenous APE2.](gky020fig3){#F3}

To identify the significance of SSB-induced ATR activation, we tested whether SSB repair is affected by ATR in the HSS system. We found that the addition of ATR specific inhibitor VE-822 compromised the SSB repair in the HSS system (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}). This observation strongly suggests that the SSB-induced ATR activation is important for SSB repair. To rule out the potential off-targets of VE-822, we sought to test whether SSB repair is impaired in ATRIP-depleted HSS. Consistent with the SSB repair impairment induced by ATR inhibitor VE-822 (Figure [4A](#F4){ref-type="fig"} and [B](#F4){ref-type="fig"}), SSB repair capacity was compromised in ATRIP-depleted HSS (Figure [4C](#F4){ref-type="fig"} and [D](#F4){ref-type="fig"}). Because anti-ATRIP antibodies co-depletes most ATR in HSS (see Figure [3A](#F3){ref-type="fig"}), the impairment of SSB repair in ATRIP-depleted HSS suggests that ATR-ATRIP DDR is essential for SSB repair. To address the physiological relevance of the SSB-induced ATR DDR pathway, we sought to test whether hydrogen peroxide induces ATR--Chk1 DDR in mammalian cells. A recent study using human U2OS cells demonstrated that ATR kinase is activated in G1 phase to facilitate the repair of ionizing radiation-induced DNA damage ([@B52]). Notably, we found that hydrogen peroxide triggers Chk1 phosphorylation and RPA32 phosphorylation in asynchronized U2OS cells (lanes 1 and 2, [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). Importantly, addition of ATR specific inhibitor VE-822 prevented the hydrogen peroxide-induced Chk1 phosphorylation and RPA32 phosphorylation in asynchronized U2OS cells (lanes 3 and 4, [Supplementary Figure S3A](#sup1){ref-type="supplementary-material"}). We also observed that hydrogen peroxide induced ATR--Chk1 DDR in G1 synchronized U2OS cells ([Supplementary Figure S3B](#sup1){ref-type="supplementary-material"}). It seems that the potential effects on cell cycle profiling by H~2~O~2~ and VE-822 are minimal, if there is any ([Supplementary Figure S3C](#sup1){ref-type="supplementary-material"}). These observations in human U2OS cells suggest that our observations in *Xenopus* egg extracts system are very likely conserved in humans, demonstrating the physiological relevance of our research using *Xenopus* HSS system.

![The SSB-induced ATR DDR pathway is essential for SSB repair. (**A**) SSB plasmid was added to HSS with or without VE-822 for different time as indicated. SSB repair products were isolated and examined on agarose gel (Ethidium bromide staining). (**B**) Quantification of SSB repair capacity (circular/(circular + nicked) × 100) with or without VE-822 treatment in the HSS system from (A). (**C**) SSB plasmid was added to mock- or ATRIP-depleted HSS for different time as indicated. SSB repair products were isolated and examined on agarose (Ethidium bromide staining). (**D**) Quantification of SSB repair capacity in mock- or ATRIP-depleted HSS system from (C) using a similar method described in (B).](gky020fig4){#F4}

APE2 is required for the defined SSB-induced DDR pathway activation {#SEC3-3}
-------------------------------------------------------------------

Previous studies have shown that TopBP1, Rad9 and Claspin are canonical checkpoint proteins required for the ATR--Chk1 DDR pathway ([@B8],[@B34],[@B42]). Notably, the defined SSB-induced Chk1 phosphorylation was compromised when TopBP1, Rad9 or Claspin was immunodepleted in the HSS, respectively, suggesting the requirement of these checkpoint proteins for SSB signaling (Figure [3B](#F3){ref-type="fig"}--[D](#F3){ref-type="fig"}). XRCC1 and PARP1 have been demonstrated in an association with SSB repair ([@B43],[@B53],[@B54]). We found that the defined SSB-induced Chk1 phosphorylation was enhanced when XRCC1 was immunodepleted in HSS or when PARP1 specific inhibitor (4-Amino-1,8-naphthalimide) was added to HSS, respectively (Figure [3E](#F3){ref-type="fig"} and [F](#F3){ref-type="fig"}). Our interpretation of these observations is that the SSB signaling is enhanced when SSB repair is impaired by XRCC1 depletion or the addition of PARP1 inhibitor. Notably, the defined SSB-induced Chk1 phosphorylation is compromised in APE2-depleted HSS (Figure [3G](#F3){ref-type="fig"}). Importantly, recombinant WT Myc-tagged APE2 protein rescued the deficiency of Chk1 phosphorylation in APE2-depleted HSS (Figure [3G](#F3){ref-type="fig"}). These observations suggest that APE2 is required for the defined SSB-induced Chk1 phosphorylation in the HSS system.

APE2 Zf--GRF associates with PCNA C-terminal motif as a distinct mode of APE2--PCNA interaction {#SEC3-4}
-----------------------------------------------------------------------------------------------

APE2 interacts with PCNA's IDCL motif via its PIP box in yeast, *Xenopus*, and humans (Figure [5A](#F5){ref-type="fig"}) ([@B24],[@B30],[@B31]). Consistent with previous studies, our GST-pulldown assays demonstrated that PCNA associated with GST-APE2, but not GST, from *Xenopus* HSS, suggesting that APE2 associates with PCNA in the HSS (Figure [5B](#F5){ref-type="fig"}). Surprisingly, PCNA was also pulled down in the HSS by GST-APE2-ZF, which does not contain the PIP box, suggesting that APE2 Zf--GRF associates with PCNA in a PIP box-independent manner (Figure [5B](#F5){ref-type="fig"}). To further confirm the interaction between APE2 Zf--GRF with PCNA, we did GST-pulldown assays with recombinant PCNA protein and found that both GST-APE2 and GST-APE2-ZF, but not GST, pulldown recombinant PCNA in an interaction buffer, suggesting a possible direct interaction between APE2 Zf--GRF and PCNA ([Supplementary Figure S4A](#sup1){ref-type="supplementary-material"}). Notably, interaction with APE2 Zf--GRF was compromised in PK PCNA (P253A-K254A PCNA) and almost completely prevented in LIPK PCNA (L126A-I128A-P253A-K254A PCNA), suggesting that the PCNA C-terminal motif (CTM) plays an important role in Zf--GRF association (Figure [5A](#F5){ref-type="fig"} and [C](#F5){ref-type="fig"}). To identify critical residues within APE2 Zf--GRF for its interaction with PCNA, we generated three point mutants in GST-APE2-ZF (i.e., G483A-R484A, F486A-Y487A and C470A). GST-pulldown assays demonstrated that G483A-R484A, F486A-Y487A, and C470A GST-APE2-ZF failed to efficiently interact with recombinant PCNA in an interaction buffer, in comparison to WT GST-APE2-ZF (Figure [5D](#F5){ref-type="fig"}). Because APE2 Zf--GRF associates with ssDNA ([@B32]), we intended to distinguish its interaction with PCNA from its association with ssDNA. We coupled 80nt ssDNA tagged with Biotin in the 5′ side to streptavidin beads, and found that WT GST-APE2-ZF, but not GST, interacts with ssDNA, as expected (Figure [5E](#F5){ref-type="fig"}). Importantly, G483A-R484A APE2-Zf--GRF is deficient in ssDNA interaction, whereas F486A-Y487A and C470A APE2-Zf--GRF are proficient for ssDNA binding (Figure [5E](#F5){ref-type="fig"}). In addition, R502E APE2 Zf--GRF is proficient in PCNA interaction although R502E APE2 Zf--GRF is deficient for ssDNA interaction and its exonuclease activity ([@B32]) (Supplementary Figure S4B and S4C). These observations suggest that APE2 Zf--GRF interaction with PCNA CTM is distinguished from its interaction with ssDNA. As the interaction of APE2 PIP box with PCNA IDCL motif is the first mode of APE2--PCNA interaction, we designated the APE2 Zf--GRF interaction with PCNA CTM as the second distinct mode of APE2--PCNA interaction (Figure [5A](#F5){ref-type="fig"}).

![APE2 Zf--GRF interacts with PCNA as the second mode of APE2--PCNA interaction. (**A**) Schematic diagram of APE2 Zf--GRF region and the IDCL and CTM regions of PCNA. (**B**) GST pulldown assays with GST, GST-APE2 and GST-APE2-ZF from HSS. The input and pulldown samples were examined via immunoblotting analysis. (**C**) GST pulldown assays with GST or GST-APE2-ZF as well as WT/mutant PCNA (i.e., LI PCNA, PK PCNA, or LIPK PCNA) in an interaction buffer. The input and pulldown samples were examined via immunoblotting analysis. (**D**) GST pulldown assays with GST or WT/mutant GST-APE2-ZF (i.e., G483A-R484A, F486A-Y487A, or C470A) as well as WT His-tagged PCNA in an interaction buffer. The input and pulldown samples were examined via immunoblotting analysis. (**E**) Biotin-coupled ssDNA (80nt) was coupled to streptavidin dynabeads and utilized for protein--DNA interaction assays with GST or WT/mutant GST-APE2-ZF (i.e., G483A-R484A, F486A-Y487A or C470A) in an interaction buffer. The input and bead-bound fractions were analyzed via immunoblotting analysis.](gky020fig5){#F5}

APE2 Zf--GRF--PCNA CTM interaction is critical for 3′-5′ SSB end resection, assembly of a checkpoint protein complex to SSB sites, and SSB signaling {#SEC3-5}
----------------------------------------------------------------------------------------------------------------------------------------------------

To characterize the biological significance of APE2 Zf--GRF interaction with PCNA CTM motif, we added back WT or C470A Myc-tagged APE2 to APE2-depleted HSS and found that WT, but not C470A, APE2 rescued the SSB-induced Chk1 phosphorylation in APE2-depleted HSS, suggesting that the APE2 Zf--GRF--PCNA CTM interaction is important for the SSB-induced ATR--Chk1 DDR pathway in the HSS system (Figure [6A](#F6){ref-type="fig"}). Moreover, G483A-R484A APE2, which is deficient in interaction with ssDNA and PCNA CTM motif (Figure [5D](#F5){ref-type="fig"} and [E](#F5){ref-type="fig"}), failed to rescue the SSB-induced Chk1 phosphorylation in APE2-depleted HSS ([Supplementary Figure S4D](#sup1){ref-type="supplementary-material"}). Furthermore, WT APE2, but not G483A-R484A APE2, rescued the hydrogen peroxide-induced Chk1 phosphorylation in APE2-depleted LSS system ([Supplementary Figure S4E](#sup1){ref-type="supplementary-material"}). These observations suggest that APE2 Zf--GRF interaction with PCNA CTM is important for SSB signaling.

![APE2 Zf--GRF--PCNA interaction promotes SSB end resection, the assembly of a checkpoint protein complex onto SSB plasmid, and Chk1 phosphorylation in the HSS system. (**A**) CTL or SSB plasmid was added to mock- or APE2-depleted HSS, which was supplemented with WT or C470A Myc-APE2. DNA-bound fractions and total extract samples were examined via immunoblotting analysis as indicated. 'Endo. APE2' represents endogenous APE2. (**B**) FAM-labeled dsDNA with a site specific SSB (designed as FAM-SSB) was added to HSS for different time as indicated. Then samples were examined via TBE-Urea gel and visualized via Typhoon imager. 'Marker' represents four FAM-labeled different-length ssDNA. (**C**) The length dependence of ssDNA for the recruitment of ATR-ATRIP complex and RPA to ssDNA in the HSS. Streptavidin Dynabeads coupled with different length of Biotin-coupled ssDNA (i.e., 0, 10, 20, 40, 60 or 80nt) were added to HSS. After incubation, the Biotin-ssDNA bead-bound fractions were isolated from HSS. The Input and bead-bound fractions were examined via immunoblotting analysis. (**D**) The FAM-SSB substrate was added to mock- or APE2-depleted HSS, which was supplemented with WT or C470A Myc-APE2. DNA structures were examined via TBE-Urea gel and visualized via Typhoon imager (top). Samples were also analyzed via immunoblotting analysis as indicated. 'Endo. APE2' represents endogenous APE2 (bottom).](gky020fig6){#F6}

Next, we isolated the DNA-bound fractions from HSS and examined the abundance of checkpoint proteins via immunoblotting analysis. Although PCNA was recruited to both CTL and SSB plasmid, a checkpoint protein complex, including ATR, ATRIP, TopBP1 and Rad9, was assembled onto SSB plasmid, but not CTL plasmid, in the HSS system (DNA-bound fractions, Lane 1--2, Figure [6A](#F6){ref-type="fig"}). Notably, APE2 preferentially associated with SSB plasmid, but not CTL plasmid, and RPA32 was also hyperloaded to SSB plasmid, but not CTL plasmid, in the HSS system, suggesting that the SSB plasmid is resected by APE2 into ssDNA for RPA binding and the assembly of the checkpoint protein complex (lanes 1--2, Figure [6A](#F6){ref-type="fig"}). When APE2 was removed via immunodepletion, the recruitment of RPA32, ATR, ATRIP, TopBP1 and Rad9 to SSB plasmid was compromised, further supporting the critical role of APE2 in the SSB end resection (lanes 3--4, Figure [6A](#F6){ref-type="fig"}). Importantly, WT APE2, but not C470A APE2, rescued the recruitment of RPA32, ATR, ATRIP, TopBP1 and Rad9 to SSB in APE2-depleted HSS (lanes 5--8, Figure [6A](#F6){ref-type="fig"}). Of note, similar to WT APE2, C470A APE2 was also recruited to SSB site efficiently in HSS, suggesting that APE2 PIP box interaction with PCNA IDCL motif is sufficient for the recruitment of APE2 to SSB site (Figure [6A](#F6){ref-type="fig"}). Together, our evidence demonstrates that the APE2 Zf--GRF interaction with PCNA CTM is critical for the checkpoint protein complex assembly onto SSB site and the SSB-induced ATR--Chk1 DDR pathway activation, but is dispensable for APE2 recruitment to SSB sites, in the HSS system.

To further investigate the SSB end resection by APE2 *per se*, we generated a FAM-labeled dsDNA in which a SSB is localized at a defined location in the upper strand, designated as FAM-SSB (70 bp in total, Figure [6B](#F6){ref-type="fig"}). After FAM-SSB was incubated in HSS for different time points, samples were examined via urea-denaturing PAGE electrophoresis. The FAM-SSB was resected in the 3′ to 5′ direction into Type I resected products in HSS (Figure [6B](#F6){ref-type="fig"}). Because the resected products are arranged from ∼4nt to ∼12nt, we estimated that the SSB structure is resected ∼18nt to 26nt in the 3′ to 5′ direction in the HSS system. Importantly, the 3′-5′ end resection of FAM-SSB was significantly compromised when APE2 was removed in HSS (top panel, lanes 1--6, Figure [6D](#F6){ref-type="fig"}). Interestingly, the FAM-SSB was still resected only 1nt--3nt, designated as Type II resected products, in APE2-depleted HSS (top panel, lane 6, Figure [6D](#F6){ref-type="fig"}). Although WT APE2 and C470A APE2 are added to similar concentrations in APE2-depleted HSS (bottom panel, Figure [6D](#F6){ref-type="fig"}), WT APE2 but not C470A APE2 rescued the deficiency of SSB end resection of FAM-SSB in APE2-depleted HSS (top panel, Figure [6D](#F6){ref-type="fig"}), suggesting that the APE2 Zf--GRF--PCNA CTM interaction is critical for the 3′-5′ SSB end resection in the HSS system.

Using reconstitution system with purified proteins *in vitro*, we next examined DNA end resection of a gapped dsDNA structure, in which the FAM-SSB was pretreated with recombinant GST-APE1 to generate approximately 1nt--3nt gap ([Supplementary Figure S5A](#sup1){ref-type="supplementary-material"}). The gapped dsDNA was catalyzed into Type I resected products by recombinant GST-APE2 with the presence of WT, but not LIPK, LI, or PK, His-tagged PCNA, suggesting that IDCL and CTM regions within PCNA are all important for APE2's exonuclease activity *in vitro* (Figure [7A](#F7){ref-type="fig"}). Surprisingly, the gapped dsDNA structure was still resected by C470A or F486A-Y487A GST-APE2 to some extent similar to WT GST-APE2 with the presence of WT His-tagged PCNA (Figure [7B](#F7){ref-type="fig"}). The different requirement of APE2 Zf--GRF interaction with PCNA CTM for SSB end resection in the HSS and in purified protein system *in vitro* may be because of a previously unidentified negative regulatory factor in the HSS system. We speculate that the APE2 Zf--GRF--PCNA CTM interaction is needed to overcome such inhibition of SSB end resection in the HSS system.

![Exonuclease activities of APE2 with purified proteins *in vitro*. (**A**) *In vitro* analysis of exonuclease activity of GST-APE2 with the presence or absence of WT or mutant His-tagged PCNA using the FAM-labeled gapped dsDNA structure. (**B**) *In vitro* analysis of exonuclease activity of WT and mutant GST-APE2 with the presence or absence of WT His-tagged PCNA using the FAM-labeled gapped dsDNA structure.](gky020fig7){#F7}

Together, our data suggest that the APE2 Zf--GRF--PCNA interaction promotes the ATR--Chk1 DDR pathway activation from a site-specific SSB structure in a cell-free eukaryotic system (Figure [8](#F8){ref-type="fig"}).

![A working model of the molecular mechanism of APE2-mediated ATR--Chk1 DDR pathway from a defined SSB structure. Please see text for more details.](gky020fig8){#F8}

DISCUSSION {#SEC4}
==========

To the best of our knowledge, this is the first report that a defined SSB triggers the ATR--Chk1 DDR pathway in a eukaryotic experimental system. Based on evidence in this study, we propose a working model for the SSB-induced ATR--Chk1 DDR pathway (Figure [8](#F8){ref-type="fig"}): (a) 3′-5′ SSB end resection is initiated into a small gap (∼1nt--3nt) by a mechanism to be determined; (b) APE2 is recruited by PCNA via its PIP box ([@B24]), and activated by APE2 Zf--GRF interaction with ssDNA ([@B32]) and PCNA C-terminus for SSB end resection continuation (this study); (c) a longer stretch of ssDNA (∼18--26nt) is generated and bound with RPA, leading to the assembly of ATR-ATRIP, TopBP1, and 9--1--1 complex to activate DDR; (d) activated ATR phosphorylates its substrates including Chk1 and RPA32 and (e) activated ATR DDR pathway is important for SSB repair (this study).

Our SSB signaling system requires only HSS but not the addition of NPE, which is different from previously established reconstitution systems such as ATR DDR pathway activation by 3′-primed ssDNA or defined ICLs using *Xenopus* HSS and NPE combined systems ([@B55],[@B56]). The defined SSB structure is resected by APE2 in the 3′ to 5′ direction to generate a longer stretch of ssDNA, which is in line with the previously established general model for ATR--Chk1 DDR pathway activation ([@B7],[@B8],[@B14],[@B55]). To test whether the SSB plasmid triggers ATR activation in NPE, we found that no detectable Chk1 phosphorylation was induced by SSB plasmid in NPE ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). We reason that some phosphatases of Chk1 in NPE may destabilize the potential Chk1 phosphorylation by activated ATR. To test this possibility, we chose to use tautomycin, which was shown to stabilize Chk1 phosphorylation induced by AT70 in the LSS system ([@B34]). Interestingly, with the presence of tautomycin, the SSB plasmid triggered a very robust Chk1 phosphorylation whereas CTL plasmid induced a minimal Chk1 phosphorylation in NPE ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). Both Chk1 phosphorylation events in NPE were inhibited by the addition of VE-822 ([Supplementary Figure S2B](#sup1){ref-type="supplementary-material"}). Whereas the minimal Chk1 phosphorylation induced by CTL plasmid in NPE may be due to increased DNA-to-Cytoplasmic ratio ([@B57]), the SSB-induced increase of Chk1 phosphorylation suggests that ATR--Chk1 DDR is likely induced by SSB in NPE.

One striking feature of this experimental system is that SSB signaling is replication-independent in the HSS (Figure [2E](#F2){ref-type="fig"} and [F](#F2){ref-type="fig"}, and [Supplementary Figure S2C](#sup1){ref-type="supplementary-material"}), which is consistent with the deficiency of DNA replication elongation in the HSS system ([@B37]). Because a variety of checkpoint proteins play important roles for DNA replication, our defined SSB signaling system in a cell-free system provides a powerful experimental system for future applications in determining direct roles of candidate checkpoint proteins in DDR pathway but not indirectly through their function in DNA replication. This replication-independent SSB-induced ATR--Chk1 DDR in the HSS system is reminiscent of the DSB-mimicking AT-70 induced replication-independent ATR--Chk1 DDR in the LSS system ([@B34],[@B51]). As we estimate that the ssDNA gap after SSB end resection is ∼18nt--26nt (Figure [6B](#F6){ref-type="fig"}), the ssDNA gap is likely to be filled by DNA polymerases for SSB repair. Future work is needed to test whether such repair DNA synthesis is important for ATR activation.

The two modes of APE2--PCNA interaction are intriguing. APE2 interacts with PCNA's IDCL motif via its PIP box and associates with ssDNA via its Zf--GRF motif ([@B24],[@B30]). Importantly, we found that APE2 Zf--GRF also interacts with PCNA, mainly through PCNA's CTM region. Therefore, we propose two modes of APE2--PCNA interaction: APE2 PIP box-PCNA IDCL interaction and APE2 Zf--GRF--PCNA CTM interaction, which are designed as Mode I and Mode II interaction, respectively (Figure [5A](#F5){ref-type="fig"}). Although it is not explicitly determined as of now how the two modes of APE2--PCNA interaction are selected and/or transitioned dynamically, a previous study in yeast showed that APE2 interacts with PCNA IDCL with the absence of DNA and switches to PCNA C-terminal tail upon entering a 3′ primer-template junction ([@B31]). Our findings identified that APE2 Zf--GRF interacts with PCNA CTM even in the absence of DNA (Figure [5](#F5){ref-type="fig"}). Furthermore, it is our understanding that the two modes of APE2--PCNA interaction are neither required for nor mutually exclusive to each other. We interpret the observations that the Mode I interaction plays a major role in APE2 recruitment to SSB sites whereas the Mode II interaction plays a critical role in APE2 activation in the HSS system. Nonetheless, the biological significance of Mode II of APE2--PCNA interaction is evidenced by deficiency of SSB end resection and SSB signaling by the mutant C470A APE2 in the HSS system (Figure [6A](#F6){ref-type="fig"}). Why is the Mode II of APE2--PCNA interaction needed for APE2 activation in SSB signaling? We speculate that the Mode II of APE2--PCNA interaction is needed to overcome the inhibition of APE2 by a previously unidentified negative regulator for SSB end resection in the HSS system. The Model I of APE2--PCNA interaction may bring APE2 to PCNA-bound DNA even under normal conditions. However, APE2 is not activated until the Mode II interaction makes the appropriate confirmation change of the APE2--PCNA--DNA complex to stimulate APE2's exonuclease activity. Notably, the ssDNA interaction via APE2's Zf--GRF is also critical for APE2 activation (Figure [8](#F8){ref-type="fig"}) ([@B32]). These three distinct mechanisms of APE2 recruitment and activation are essential to ensure that SSB end resection only takes place at the right SSB sites for genome stability.

In addition, both IDCL and CTM regions within PCNA are important for PCNA-stimulated 3′-5′ exonuclease activity of APE2 *in vitro* (Figure [7A](#F7){ref-type="fig"}). To examine the interaction of PCNA and APE2 to gapped DNA structure, we established an *in vitro* protein-DNA binding approach with biotin-gapped dsDNA coupled to streptavidin dynabeads ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Notably, GST-APE2, but not GST, was found on Biotin-DNA-coupled beads but not 'no DNA' beads, suggesting that APE2 binds to gapped DNA substrate *in vitro* at least under these experimental conditions. We interpret that the 1--3nt ssDNA gap may be sufficient for APE2 interaction *in vitro*. Interestingly, the addition of WT PCNA has minimal effect on APE2's binding to the gapped DNA substrate ([Supplementary Figure S6A](#sup1){ref-type="supplementary-material"}). Furthermore, LI PCNA, PK PCNA, and LIPK PCNA behave similar to WT PCNA concerning APE2's binding to the gapped DNA structure ([Supplementary Figure S6B](#sup1){ref-type="supplementary-material"}). It seems that both modes of PCNA-APE2 interaction are important for APE2 exonuclease activity *in vitro*. More structural studies are needed in the future to figure out how exactly APE2, PCNA and DNA interact with each other in a dynamic and coordinated fashion.

Previous studies have demonstrated that the homologue residues of E34A and D273A within APE2 from yeast and human cells are exonuclease defective mutants ([@B27],[@B58]). We have demonstrated in our previous studies that the E34A APE2 and D273A APE2 failed to rescue the hydrogen peroxide-induced Chk1 phosphorylation in APE2-depleted LSS system ([@B24]). To verify the *Xenopus* E34A APE2 and D273A APE2 are indeed exonuclease deficient mutants, we test their exonuclease activity using FAM-labeled gapped DNA structure as template *in vitro*. Consistent with previous studies on APE2 in other species, the PCNA-promoted exonuclease activity of *Xenopus* GST-APE2 was significantly decreased in E34A GST-APE2 and D273A GST-APE2 ([Supplementary Figure S5B](#sup1){ref-type="supplementary-material"}). Notably, WT, but not E34A or D273A, Myc-APE2 rescued Chk1 phosphorylation in APE2-depleted HSS ('extract' panel, [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). Although E34A and D273A Myc-APE2 associated with DNA in a similar fashion as WT Myc-APE2, the recruitment of RPA32 and checkpoint protein complex including ATR, ATRIP, TopBP1, and Rad9 onto SSB plasmid was rescued by WT, but not E34A or D273A, Myc-APE2 in APE2-depleted HSS ('DNA-bound' panel, [Supplementary Figure S5C](#sup1){ref-type="supplementary-material"}). These observations suggest that the exonuclease activity of APE2 is indeed important for the SSB-induced ATR activation in the HSS system.

APE2 Zf--GRF interaction with PCNA is a distinct feature compared with ssDNA interaction. There are three types of mutants in APE2 Zf--GRF in terms of PCNA and ssDNA interaction: (I) C470A Zf--GRF and F486A-Y487A Zf--GRF are deficient for PCNA interaction but proficient for ssDNA interaction, (II) R502A APE2 Zf--GRF is deficient for ssDNA interaction but proficient for PCNA interaction ([@B32]), and (III) G483A-R484A APE2 Zf--GRF is defective for both PCNA association and ssDNA interaction (Figure [5](#F5){ref-type="fig"} and [Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). These observations suggest that the PCNA association and ssDNA interaction of APE2 Zf--GRF are neither dependent on nor mutually exclusive to each other. The C470 residue of Zf--GRF is localized in the flexible region between Polyproline helix and β1 region (Figure [5A](#F5){ref-type="fig"}), suggesting that the C470A point mutation may not affect the secondary structure of APE2 Zf--GRF. Because Zf--GRF has been found in more than 100 proteins involved in DNA/RNA metabolism such as NEIL3 and Top3 ([@B32]), the Mode II of APE2--PCNA interaction may be applicable to future structure-function studies of other Zf--GRF-containing proteins.

SSB end resection has unique characteristics in comparison to other DNA end processing pathways such as DSB end resection. In this study, we present our substantial data to show that a site-specific SSB structure triggers an ATR--Chk1 DDR pathway via SSB end resection in a eukaryotic cell-free system. One distinct feature of SSB end resection is the critical role of APE2's 3′-5′ exonuclease activity (Figure [6D](#F6){ref-type="fig"}). Although a nicked dsDNA structure is resected by recombinant APE2 *in vitro* ([@B27]), the FAM-SSB structure is still catalyzed into Type II resected products by other DNA end processing enzymes in APE2-depleted HSS (Figure [6D](#F6){ref-type="fig"}). There are two possible explanations: APE2 plays an important role in both the initiation and continuation of 3′-5′ SSB end resection in the HSS system, and another unknown 3′-5′ exonuclease may compensate the initiation of 3′-5′ SSB end resection in APE2-depleted HSS. Alternatively, a previously unidentified 3′-5′ exonuclease is needed to initiate SSB end resection followed by continuation of 3′-5′ SSB end resection by APE2. Of note, no apparent Type II resected products were observed in our time-course experiment (Figure [6B](#F6){ref-type="fig"}). We speculate that the initiation phase of 3′-5′ SSB end resection takes time to complete, and that end resection continuation is much quicker as long as a short ssDNA gap is generated. More experiments are needed to test these different possibilities in the future. DSB end resection in the 5′-3′ direction coupling DSB repair and DDR pathways has been investigated extensively ([@B18]). Exo1-meidated 5′-3′ DSB end resection has also been implicated in DSB repair, nucleotide excision repair (NER) and mismatch repair (MMR) pathways ([@B59]). Whereas Mre11 participates in 3′-5′ end resection of protein-DNA adducts, a critical question remains unanswered whether the Mre11's 3′-5′ end resection plays a critical role for DDR pathway activation ([@B62]).

In addition, previous studies demonstrate that ATR and ATRIP preferentially bind to approximately 70nt to 80nt ssDNA coated with RPA in *in vitro* binding assays ([@B10]). Consistent with this, a gapped plasmid with 68nt ssDNA is sufficient to trigger an ATR--Chk1 DDR pathway in a DNA-PKcs-dependent manner in human cell-free extracts ([@B63]). To test whether ATR and ATRIP are recruited to this short stretch of ssDNA (18nt-26nt), we found that as short as 20nt ssDNA is sufficient for binding of RPA, ATR and ATRIP in the HSS system (Figure [6C](#F6){ref-type="fig"}). This observation is consistent with the preferential recruitment of ATR and ATRP to SSB sites in the HSS system shown in Figure [6A](#F6){ref-type="fig"}. Future studies will focus on how the SSB end resection is terminated to promote SSB repair.

From COSMIC analysis (cancer.sanger.ac.uk/cancergenome/projects/cosmic) of 45 cancer patients with somatic mutations in APE2, 33 missense point mutations were found in APE2, out of which 21 mutant residues of human APE2 are identical to *Xenopus* APE2 in homologue analysis. These 21 substitution missense point mutants in human APE2 are converted into *Xenopus* APE2: G10E, T38S, V49I, G51S, R62H, A69S, A79S, E83G, L110R, E152K, R159C, R208C, R244C, R264H, H300Q, A314T, E343K, A366V, G456E, E468G and R484H. We found that 15 residues are in the N-terminal EEP domain and two mutant residues (E468 and R484) are in the Zf--GRF domain. In particular, the R484H mutant within APE2 Zf--GRF may be deficient for PCNA interaction and ssDNA interaction. In addition, one nonsense substitution in human APE2 (c.1342G\>T, p.E448\*) was confirmed as a somatic mutation in a lung carcinoma patient (TCGA-75-6211-01), leading to a mutant APE2 protein that lacks the whole Zf--GRF domain. These somatic mutations in cancer patients suggest that the Zf--GRF domain of APE2 may have biological significance via its critical function in SSB signaling. Dysfunctions in DNA repair and DDR signaling pathways are implicated in cancer development ([@B6]). Importantly, a variety of DNA repair and DDR proteins including ATR and Chk1 have become therapeutic targets and are currently being tested in the laboratory and clinical studies ([@B64]). A better understanding of DDR pathway activation in response to SSBs has implications in new avenues of cancer treatment. Findings from our experiments will impact future translational studies such as anti-cancer therapies via the modulation of novel role of APE2 in SSB signaling using mammalian cell lines or mice models. In addition, a recent report demonstrates that sea squirt APE2 is more likely involved in oxidative stress response than in editing function via its 3′-5′ exonuclease activity, suggesting the conserved function of APE2 during evolution ([@B65]).

Overall, our evidence using defined SSB end resection and SSB signaling in *Xenopus* provides novel insights into SSB-induced DDR pathway by APE2 in a eukaryotic cell-free system.
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